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Lower extremity arterial inflow is adversely
affected in patients with venous disease
David J. Paolini, MD, Anthony J. Comerota, MD, RVT, and Linda S. Jones, RVT, Toledo, Ohio
Background: Lower extremity chronic venous disease is due to venous hypertension resulting from reflux and/or
obstruction. Studies of venous valvular function have validated and quantified valve closure times defining normal and
abnormal valve function, and investigators have categorized the amount of venous reflux with validated criteria.
However, hemodynamics of venous outflow obstruction remains poorly defined. The purpose of this study is to assess
whether chronic venous disease alters arterial inflow at rest or during hyperemic limb challenge, and whether there are
differences in patients with primary chronic venous insufficiency (1° CVI) versus those with postthrombotic venous
disease.
Methods: Twenty-two normal limbs and 32 limbs in patients with chronic venous disease (C-3 or greater) were examined
between September 2006 and January 2008. Chronic venous disease patients consisted of 22 postthrombotic patients and
10 with 1° CVI. Arterial inflow was measured at rest using venous occlusion plethysmography and after induced arterial
inflow using postocclusive reactive hyperemia (PORH). Volume changes were recorded with volume plethysmography.
A minimum of 10 minutes elapsed between the resting and PORH measurements of arterial inflow.
Results: Resting arterial inflow was greater in patients with 1° CVI when compared to normal patients (2.81 vs 1.26, P 
.008) and to patients with postthrombotic venous disease (2.81 vs 1.13, P  .03). There was a 7.3-fold increase in
maximal arterial inflow in normal patients during PORH versus a 4.8-fold increase in patients with postthrombotic
venous disease (P  .015). Patients with 1° CVI had a marked attenuation of maximal arterial inflow during hyperemic
limb challenge, demonstrating only a twofold increase relative to their baseline resting arterial inflow (P  .08).
Conclusion: Increases in arterial inflow during a hyperemic limb challenge are less robust in patients with postthrombotic
venous disease than in normal volunteers. These data suggest that the pain of venous claudication may in part be due to
a diminished arterial inflow response. ( J Vasc Surg 2008;48:960-4.)Metrics of anatomic and hemodynamic compromise in
patients with postthrombotic syndrome historically have
focused on the venous system.1 Ambulatory venous hyper-
tension is the underlying pathophysiology of chronic ve-
nous disease (CVD).2 Patients with postthrombotic venous
disease generally suffer the most severe CVD, likely as a
result of scarred, obstructed veins in addition to valvular
destruction. It has been shown that venous outflow ob-
struction coupled with venous valvular incompetence pro-
duces the highest ambulatory venous pressures resulting in
the most severe postthrombotic morbidity.3,4
Studies of venous valvular function have validated and
quantified valve closure times defining normal and abnor-
mal valve function. Investigators have categorized the
amount of venous reflux by descending phlebography,5
hemodynamic evaluations of venous valvular function,6,7
and quantitating the number and distribution of incompe-
tent venous segments.8 However, despite attempts of ex-
perienced investigators, the hemodynamics of venous out-
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960flow obstruction remain poorly defined. During studies to
quantify venous obstruction using postocclusive reactive
hyperemia (PORH) in patients with CVD,9 observations
were made that arterial inflow was appreciably altered. It
appeared that patients with CVD had reduced blood flow
during PORH compared to normal subjects. However,
resting arterial inflow in patients with primary chronic
venous insufficiency (1° CVI) was increased (Fig 1). These
observations prompted an investigation evaluating resting
and stimulated arterial inflow in patients with primary and
secondary CVD.
The purpose of this study is to assess whether CVD
alters arterial inflow at rest or during PORH, and whether
there are differences in patients with primary venous insuf-
ficiency versus those with postthrombotic venous disease.
METHODS
After institutional review board approval and obtaining
the patients’ informed consent, 22 normal limbs and 32
limbs in patients with CVD (C-3 or greater) were exam-
ined. Chronic venous disease patients consisted of 22 post-
thrombotic patients and 10 with 1° CVI (Table). Post-
thrombotic venous disease was diagnosed by history of
deep venous thrombosis (DVT) treated with long-term anti-
coagulation and findings consistent with their history and
physical on duplex scan examination. Similarly, history and
physical as well as duplex scan examination findings were
used to confirm 1° CVI. No subject had a history of arterial
disease and all had a normal pulse examination and a normal
ankle-brachial index (0.96).
rima
JOURNAL OF VASCULAR SURGERY
Volume 48, Number 4 Paolini et al 961Arterial inflow was measured at rest using venous oc-
clusion plethysmography and after simulated exercise using
PORH. Volume changes were recorded with volume pleth-
Fig 1. Arterial inflow examinations performed at rest an
strated increased resting arterial inflow in patients with p
Table. CEAP Classification
Postthrombotic
(n  22)
1° CVI
(n  10)
C-class
3 50% 40%
4 32% 40%
5 4% —
6 14% 20%
Etiology
Primary — 100%
Secondary 100% —
Anatomic
Superficial — 30%
Deep 50% —
Perforator — —
Sup/Deep 41% 30%
Deep/Perforator — —
Sup/Perforator — —
Sup/Deep/Perf 9% 40%
Pathophysiology
Reflux — 100%
Obstruction 50% —
Reflux and Obstruct 50% —ysmography (APG, ACI Medical Systems, Sun Valley,Calif). A minimum of 10 minutes elapsed between the
resting and PORH measurements of arterial inflow.
Arterial inflow examinations were performed at rest and
during PORH while the subject was in the supine position
with the leg elevated to 15 degrees above horizontal. The
air plethysmographic cuff was placed around the lower leg
and calibrated using an air-filled 100-cc syringe. An 18-
inch sphygmomanometer cuff was applied to the distal
thigh and rapidly inflated to 70 mmHg, restricting venous
outflow. The resultant volume increase of the calf is a
measure of arterial inflow in excess of venous outflow. Calf
volume increased steadily over time until reaching a pla-
teau. Deflation of the thigh cuff allowed the pooled venous
blood to empty. The subject was rested for a minimum of
10 minutes. Hyperemia was induced by inflating the thigh
cuff to 30 mm Hg above systolic pressure for 3 minutes.
Rapid deflation of the thigh cuff to 70 mm Hg permitted
arterial inflow while restricting venous outflow. Similar to
the resting examination, calf volume increased until a pla-
teau was reached (Fig 1).
The slope of a line tangent to the steepest portion of the
plethysmographic arterial inflow tracing represented the
maximum arterial inflow. Minimum and maximum vol-
umes were identified immediately before arterial inflow and
the point at which volume plateaued. The increase in
ring postocclusive reactive hyperemia (PORH) demon-
ry chronic venous insufficiency (1° CVI).d duarterial inflow volume divided by the time to achieve max-
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(Fig 2). This represents the most accurate arterial inflow
response to PORH as this portrays changes over a period of
time as opposed to an absolute value at a single point in time.
Data were entered into a Microsoft Excel spreadsheet for
analysis. Wilcoxon tests were used to compare normal volun-
teers to postthrombotic CVI patients and to 1° CVI patients
in both the resting and PORH examinations. Results were
considered significant if P-values were.05.
RESULTS
Demographics and patient characteristics are shown in
the Table. Normal volunteers were younger (average age
36) than both postthrombotic (average age 51, P  .01)
Fig 2. The increase in arterial inflow volume divided by the time
to achieve maximum volumes represents the overall increased
arterial inflow.
Fig 3. *P .008 vs normal resting arterial inflow, and P .03 vs
postthrombotic resting inflow. **P .01 vs postthrombotic max-
imum increased inflow, and P .08 vs 1° CVI maximum increased
inflow. ***P  .003 vs postthrombotic overall increased inflow,
and P .01 vs 1° CVI overall increased inflow. Brackets represent
standard error of the mean.and 1° CVI patients (average age 56, P .03). The ages ofpostthrombotic patients and 1° CVI patients were no dif-
ferent. There was no gender difference in normal patients
versus postthrombotic patients versus 1° CVI patients.
Eighty-two percent of postthrombotic patients and 80% of
1° CVI patients were in the C3 to C4 clinical classes. The
remaining patients in each group were C5 to C6.
The resting arterial inflow rate was higher in patients
with 1° CVI when compared to normal patients (2.81 vs
1.26, P  .008) and to patients with postthrombotic
venous disease (2.81 vs 1.13, P  .03) (Fig 3). However,
there was a 7.3-fold increase in maximal arterial inflow in
normal patients during PORH versus a 4.8-fold increase in
patients with postthrombotic venous disease (P  .015).
Patients with 1° CVI had a marked attenuation of maximal
arterial inflow during PORH, demonstrating only a two-
fold increase relative to their baseline resting arterial inflow
(P  .08). Absolute values of maximum arterial inflow
during PORH were similar in postthrombotic and 1° CVI
patients.
Postthrombotics and 1° CVI patients showed a signif-
icant reduction of overall increased arterial inflow during
PORH (3.36 mL/sec, P .003 and 3.18 mL/sec, respec-
tively, P  .016) compared to normal patients (6.49 mL/
sec) (Fig 3). No difference was observed between post-
thrombotic and 1° CVI patients. There was no correlation
of CEAP classification with arterial inflows at rest or during
PORH.
Hyperemic arterial inflow volume was reduced in post-
thrombotic patients compared with normal patients (54.2
vs 102.5 mL, P  .0009). There was a trend toward a
reduction in hyperemic volumes in 1° CVI patients versus
normal patients, but the difference was not significant
(67.9 vs 102.5 mL, P  .15) (Fig 4). There was no
difference in hyperemic arterial inflow volume between
postthrombotic and 1° CVI patients (Fig 4). Interestingly,
there was no difference observed in the time to reach
maximum volume during PORH between any of the
groups (normal, 18 seconds; postthrombotic, 19 seconds;
Fig 4. *P  .0009 vs postthrombotic hyperemia inflow volume,
and P  .15 vs 1° CVI hyperemic inflow volume. Brackets repre-
sent standard error of the mean.1° CVI, 16 seconds; Fig 5).
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This is the first study to evaluate arterial inflow at rest
and during a hyperemic response in patients with advanced
CVD stratified to 1° CVI or postthrombotic venous dis-
ease. Although previously recognized, compromised arte-
rial inflow as a consequence of venous disease is underap-
preciated and has generally gone unaddressed. Prior
investigators, however, have recognized that patients with
CVD have altered arterial perfusion. Christopoulos et al10
demonstrated increased resting arterial inflow in patients with
C4-6 venous disease using a similar technique of volume
plethysmography while adding laser Doppler scan to assess
skin blood flow.However, they did not separate patients with
postthrombotic disease from those with 1° CVI.
Patients with CVD have reduced arterial inflow during
PORH, and this is especially true in patients with post-
thrombotic venous disease. This observation is not new, as
Raju and Fredericks11 observed an attenuated arterial hy-
peremic response in postthrombotic patients with severe
chronic venous obstruction. They used a qualitative infra-
red sensor on the toe, whereas we recorded a quantifiable
volume change over time with a calibrated volume plethys-
mograph. Neglen and Raju12 plotted compliance (pressure/
volume) curves using volume plethysmography together with
dorsal foot venous pressure at rest and during reactive hyper-
emia. They showed reductions in compliance in patients with
CVD, which is a surrogate measure for arterial inflow.
We initially speculated that the attenuation of arterial
inflow during a hyperemic limb challenge was due to ve-
nous outflow obstruction of the large draining veins and
reduced venous compliance. In support of this theory,
investigators have demonstrated increased venous pres-
sure,13 diminished venous outflow with air plethysmogra-
phy,2,14 strain gauge plethysmography and isotope phle-
bography,15 and increases in compartment pressures and
alteration of skeletal muscle metabolism accompanied by
reduced skeletal muscle blood flow during exercise in post-
thrombotic patients.16 In the present study, attenuation of
Fig 5. The P values were non-significant between any groups.
Brackets represent standard error of the mean.the maximum and overall arterial inflow during PORHwasfound in postthrombotic patients and in those with 1° CVI,
diminishing the role of venous obstruction in this patho-
physiologic process. Further reducing the importance of
large vein obstruction as a cause for attenuated hyperemic
arterial inflow is our observation that venous outflow in
some patients with postthrombotic venous disease is capa-
ble of exceeding augmented arterial inflow during PORH.9
Christopoulos et al17 has shown that correction of the
source of primary venous insufficiency causing venous hy-
pertension does not result in a return to normal resting
arterial inflow. They speculated that the rapid venous refill
time, which persisted following correction of superficial
incompetence in patients with C-4 CVD but normal deep
vein valve function, was the result of persistently increased
arterial perfusion, strengthening the argument that the
microcirculation is important in the overall hemodynamics
of the lower extremity. Laser Doppler fluxmetry scan has
been used to measure dermal and subdermal changes in
blood flow.18-20 Resting skin blood flow is increased 10-
fold in normal individuals during PORH.21 Skin surround-
ing venous ulcers and the skin of healed venous ulcers,
however, is not capable of flow augmentation during
PORH.22 Although a precise explanation for this is not
entirely clear, it seems that these microcirculatory changes
are ultimately due to long-standing venous hypertension.
The physiologic changes in flow volume at the microcircu-
latory level are not due to changes in flow velocity but,
rather, changes in vessel radius.18,19 Poisseuille’s law indi-
cates that flow increases to the fourth power of the radius.
Hence, assuming all other variables remain constant, a small
change in the vessel diameter results in a large change in blood
flow. Therefore, in light of our findings, the etiology of
increased resting arterial inflow and attenuated arterial inflow
in response to PORH in patients with CVD seems to be a
result of changes in the microcirculatory volume.
Laser Doppler fluxmetry scan is a focal examination
interrogating a small portion of the microcirculation,
whereas volume plethysmography is a global evaluation of
the circulation of the lower extremity. Recordings from the
volume plethysmography represent volume change. There-
fore, all differences observed between normal volunteers
and patients are due to differences in the volume recorded
over time. The largest cross-sectional area (volume) of the
vascular tree is found in the microcirculation rather than
large arteries or veins. The larger vessels of the extremity
contribute relatively little to volume change during PORH
compared to the microcirculation, especially in normal
patients.23-27 A microcirculation which is maximally di-
lated, fibrosed, or neurologically unresponsive, as in pa-
tients with CVD, will substantially alter venous and arterial
hemodynamics of the involved limb. It appears that more of
the resting microcirculation is maximally dilated in patients
with CVD; therefore, less is available for recruitment during
PORH. As a result, volume change will underestimate the
actual capacity of the extremity and would be further altered
by a noncompliant damaged and fibrosed venous system. The
resting arterial inflow is higher in patientswith 1°CVI in order
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tissues with an already dilated microcirculation.
These data offer a more global understanding of the
pathologic hemodynamics of CVD. In addition to the
known venous pathology, the attenuated hyperemic arterial
inflow may contribute to the pain experienced by patients
with 1° CVI and may be an unrecognized but important
contributor to the pain of venous claudication.
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